HYPERTHYROIDISM increases whole body O 2 consumption (Beznak, 1962; Gemmill, 1956 Gemmill, , 1958 . This, together with direct cardiovascular effects, leads to important changes in the heart. Hyperthyroidism causes increased cardiac output, heart rate, and cardiac contractility (Amidi et al., 1968; Beznak, 1962; Graettinger et al., 1959; Skelton et al., 1970) . Some of these effects may be direct and some may be related in part to interactions with catecholamines (Amidi et al., 1968; Margolius and Gaffney, 1965; Lee et al., 1965) . This leads to increases in myocardial oxygen consumption and coronary blood flow in hyperthyroidism (Gunning et al., 1974; Leight et al., 1956; Piatnek-Leunissen and Olson, 1967; Skelton et al., 1970) . Furthermore, the hyperthyroidism increases heart work, which leads to cardiac hypertrophy in many species, including man (Beznak, 1962; Edgren et al., 1976; Gemmill, 1958; Piatnek-Leunissen and Olson, 1967; Sandier and Wilson, 1959) .
The present experiment was designed to study the effects of the rapid cardiac hypertrophy induced by thyroxine on the regional relationship of O2 supply to O2 consumption in rabbit hearts. Flow distribution within the hypertrophic left ventricle is either uniform or is characterized by subendocardial underperfusion (Holtz et al., 1977a; Marcus et al., 1979; Neill and Fluri-Lundeen, 1979; O'Keefe et al., 1978; White et al., 1979) . Regional coronary blood flow, O2 extraction, and O2 consumption have not been determined in thyroxine-induced hypertrophy. There may be loss of vasodilator reserve (Holtz et al., 1977a; Marcus et al., 1979; Mittmann et al., 1980; Neill and Fluri-Lundeen, 1979; O'Keefe et al., 1978; Rembert et al., 1978; White et al., 1979) and/or O2 extraction reserve in cardiac hypertrophy. A second aim of this study was to determine the effect of short-term thyroxine on these reserves. We have determined that the increased consumption is met by increased flow and extraction (reduced reserves), but the effects are not greater in the subendocardium.
Methods
In this study, 55 New Zealand white rabbits ranging in weight from 0.7 to 2.2 kg were used. The rabbits were divided randomly into three groups. The first group served as control. The second group was given daily intraperitoneal injections of 0.5 or 1 mg/kg of L-thyroxine (T 4 ) for 3 days. No differences in hemodynamic or other parameters were observed between the two dose levels, so all data were combined. The third group received an intraperitoneal injection of 0.5 mg/kg of T 4 for 16 days.
The rabbits were anesthetized with sodium pentobarbital, 30 mg/kg, injected into the circumflex ear vein. This dose was supplemented as required. A polyethylene catheter was inserted into the carotid artery for measurement-of blood pressure and heart rate, and for blood sampling. In the regional flow reserve series, catheters were inserted into femoral arteries and, in some, a femoral vein. The trachea was cannulated and artificial respiration was instituted with a Harvard respirator. Eucapnia was maintained and monitored with a Godart-Statham capnograph. The lungs were periodically overinflated to prevent atelectasis. A left thoracotomy was performed at the 5th intercostal space, and a partial pericardiotomy exposed the heart. A catheter was placed in the left atrium for subsequent injection of radioactive tracer microspheres. Blood pressure and heart rate were recorded on a Beckman R-411 recorder. Blood samples obtained from the carotid artery catheter were analyzed electrometrically for blood gases and pH (Instrumentation Laboratories model 113) and spectrometrically for hemoglobin concentration.
Regional Flow Reserve
A total of 34 animals were used in this portion of the study. In all rabbits, after a period of initial stabilization, measurements of blood pressure and heart rate were obtained along with an arterial blood sample. A dose of 7.5 X 10 5 microspheres (3M) 15 ± 3 jum in diameter, labeled with either ^Sr or 141 Ce was shaken for 5 minutes and then injected as a 0.2-ml bolus into the left atrial catheter and flushed with 0.5 ml of saline. A reference sample method was used to obtain flow measurements (Buckberg et al., 1971) . The blood sample was obtained from the carotid artery catheter with a peristaltic pump set at 1 ml/min. Withdrawal was begun 30 seconds before injection and continued for a total of 3 minutes. No hemodynamic alterations were noted during this procedure. To assess the uniformity of microsphere delivery, six measurements not used in the rest of the study were performed with blood sampling from both the femoral and carotid arteries. Differences in coronary flow calculated using the different reference sources ranged from 1.1% to 22.2% (average 9.0%). In 24 rabbits, chromonar HC1, 10 mg/kg, then was infused slowly over a 1-minute period into the carotid artery catheter. After 45 minutes, heart rate, blood pressure, and a blood sample were obtained. A dose of the alternately labeled microspheres then was injected into the left atrial catheter in the manner described above.
An additional 10 rabbits were infused with adenosine, 0.4 mg/kg per min, after initial control readings. These animals had catheters in both femoral arteries and a femoral vein. Five animals received T 4 for 3 days, and five served as controls. After 15 minutes of adenosine infusion heart rate, blood pressure and a blood sample were obtained. A dose of the alternately labeled microsphere then was injected as described. After the second microsphere injection, all hearts were removed and frozen. The left ventricular free wall was divided into four approximately equal segments: subepicardium-apex, subepicardium-base, subendocardium-apex, and subendocardium-base. The activity of the radioactive microspheres was determined on a Hewlett-Packard Autogamma spectrometer. Appropriate corrections were made for activity overlap. Aliquots from the arterial reference sample and heart samples were weighed and placed in tubes for analysis. Blood flow was expressed in ml/min per 100 g. Coronary vascular resistance was calculated from mean aortic pressure and averaged left ventricular flow.
Analysis of variance was used to determine whether regional differences in blood flow existed between the control, T 4 for 3 days, and T 4 for 16 days groups (8 animals each group) before and after chromonar. The statistical significance of differences was determined by the Duncan procedure. A similar analysis was performed on the adenosine group. A value of P < 0.05 was accepted as significant.
Regional O2 Consumption
A total of 21 animals were used in this portion of the study. After a period of initial stabilization, measurements of blood pressure and heart rate as well as an arterial blood sample were obtained from these rabbits. Blood flow was determined with radioactive microspheres, as described above. The hearts then were cut with a large pair of shears below the atrioventricular ring and dropped into liquid nitrogen. This ensured that the freezing process began simultaneously on both sides of the ventricular wall. It has been shown, in the considerably larger dog heart, that the time required for this process is not sufficient to alter O2 saturation of small blood vessels . The hearts were stored at -70°C until analyzed.
To measure O2 saturation in frozen arterial and venous blood vessels, we have developed a three-wavelength microspectrophotometric method. The method has been described previously in detail (Sinha et al., 1977; . The accuracy of O2 determination by this method was about ±3%, compared with the Van Slyke analysis.
Hearts were cut on a band saw at -20°C. Plugs were obtained from the base and apex of the left ventricular free wall. After the plugs were cut to a convenient size, they were mounted with an embedding medium (O.C.T. Compound, Lab-Tek Products). Thirty micra sections were cut on a rotary microtome at -20°C in a nitrogen atmosphere. They were transferred to precooled glass slides and covered with degassed Silicone oil and a coverglass. These slides were placed on a Zeiss microspectrophotometer fitted with a N2-flushed cold stage to obtain readings of absorbance at 560, 524 and 507 nm. The slit width was set at 5 nm bandpass, and the size of the measuring spot was 8 jum.
Readings were obtained to determine O2 saturation and diameter in the first five arteries and veins, 20-100 pirn, found in four left ventricular regions, the subepicardiumapex, subepicardium-base, subendocardial-apex, and subendocardium-base. The O2 content of the blood was obtained by multiplying the percent O2 saturation by the hemoglobin concentration times 1.36. The difference between the average arterial and venous O2 contents then was obtained. Four immediately adjacent areas were prepared for determination of blood flow as described.
In implementing the Fick principle, we used the paired product of flow and O 2 extraction to determine O2 consumption on a regional basis within the heart . Values for the subepicardium were averaged from all readings obtained, both in apex and base, as were those in the subendocardium. A factorial analysis of variance was used to determine whether differences existed in O2 extraction, blood flow, or O2 consumption in control, T 4 for 3 days, or T 4 for 16 days groups. Duncan's procedure was used to determine the significance of differences. A value of P < 0.05 was accepted as significant.
Results

Regional Flow Reserve
The values for hemodynamic parameters, blood gases, and pH for the animals given chromonar are given in Table 1 . The control values for blood gases and pH were similar in the control, T 4 for 3 days, and T 4 for 16 days groups. The control group had a lower heart rate, systolic and diastolic blood pressure than either the 3-or 16-day groups under control conditions. Blood gases and pH were unaffected by chromonar administration in all three groups. The only significant effect of chromonar administration on hemodynamic parameters was that systolic blood pressure was lower after chromonar in the group administered T4 for 16 days. The heart weights, body weights, and the heart weightbody weight ratios are given in Table 2 . All animals administered L-thyroxine lost weight. After 3 days of T4, the average weight loss was 17.8% and 16 days the average loss was 24.5%. Despite the lower body weight, heart weight was significantly higher in the group given T 4 for 16 days than the control group. The ratio of heart weight to body weight was 40.2% higher after 3 days of T 4 and 66.5% after 16 days than the control ratio. Each group ratio was significantly different from the others.
Blood flows, measured by radioactive microspheres in the three groups, are presented in Table 1 . Under control conditions, the 16-day group had a signifi- cantly higher blood flow than either the control or 3-day group. The 3-day group flows were higher, although not significantly so, than the control group's. There were no significant regional differences in flow, either subepicardial vs. subendocardial or apex vs. base, in any of the three experimental groups. Chromonar significantly increased blood flow in the control group. There was no increase in either the T 4 for 3 days or T 4 for 16 days groups. No significant regional differences in flow were found in any group after chromonar administration. The effect of various doses of chromonar on control rabbits is shown in Figure 1 . The dose of 10 mg/kg used in this study produced the maximal flow response. Coronary vascular resistance fell after chromonar administration in the control group (Table 1) . Whereas coronary vascular resistance was also lower, after chromonar administration, in the T 4 for 3 and 16 day groups, these decreases were not signficiant. In two additional rabbits, 50 mg/kg chromonar did not increase flow after 3 days of T 4 administration.
In the adenosine series, the T 4 for 3 days group had a higher heart rate, subepicardial flow, subendocardial flow, and arterial P02 than the control group prior to adenosine administration (Table 3 ). In the control group, infusion of adenosine, 0.4 mg/kg per min,. produced a signficiant decrease in diastolic blood pressure and an increase in heart rate, subepicardial and subendocardial flow. In the T 4 for 3 days group, both subendocardial and subepicardial flow also in- creased significantly. The flow response, however, was less vigorous, since adenosine increased coronary blood flow 3.5 times in the control animals but only 2.2 times in the animal given T 4 for 3 days.
Regional O2 Consumption
The hemodynamic and blood gas values for the rabbits in which regional myocardial O2 consumption was determined are presented in Table 4 . Heart rate was significantly lower in the control group compared to the 3-or 16-day groups. Blood pressure was higher in the 16-day group compared to that of the control and the 3-day groups. There were no signficiant differences in blood gases or pH between the groups.
In the control animals, the average left ventricular arterial O2 saturation was 89.3 ± 2.0% (mean ± SE). No differences in arterial O2 saturation were observed regionally within the left ventricular free wall when comparisons were made between blood vessels from the base and those in the apical region; neither were they observed in the subepicardial vs. subendocardial arteries (Fig. 2) . The average left ventricular arterial O2 saturation after administration of T4 for 3 days was 90.1 ± 0.9%, and, after 16 days, the saturation was 90.7 ± 1.0%. These values were not different from each other or control. As in the control animals, no regional differences in arterial saturation were found.
The average venous O2 saturation in the left ventricular free wall of the control animals was 38.7 ± 2.3%. The subendocardial region has a significantly lower venous O2 saturation than the control subepicardial region (Fig. 2) . This difference was observed in all control hearts examined. After treatment of the rabbits with L-thyroxine for 3 or 16 days, the subepicardial vs. subendocardial difference in venous O2 saturation was not observed. Treatment with T 4 significantly decreased average venous saturation. In the subepicardial region, control venous O2 saturation was signficiantly higher than both 3-and 16-day treatment groups. In the subendocardium, the 16-day group had a lower saturation than control.
Under control conditions, the average difference between arterial and venous O2 content was 7.11 ± 0.75 ml O2/IOO ml blood. There was a subepicardial vs. subendocardial difference in control (Table 5 ). The arterial-venous O2 content difference was greater after treatment with T 4 . The subepicardial arterial-venous O2 content differences was significantly higher after both 3 and 16 days of treatment with T 4 . There was a difference between control and 16 days of T 4 in the subendocardium. No signficiant subepicardial vs. subendocardial difference was found after T 4 administration.
Coronary blood flow for the group of animals in which regional O2 consumption was determined are shown in Table 5 . There were no subepicardial vs. subendocardial differences in any group. Subepicardial flow was significantly higher after both 3 and 16 days of T 4 treatment than control. There was a significant difference between control and the 16-day group in the subendocardium.
Subendocardial O2 consumption was significantly higher than subepicardial O2 consumption in each of the control rabbits (Table 5) . Treatment with L-thyroxine significantly increased both subepicardial and subendocardial O 2 consumption after both 3 and 16 days of administration. No signficiant subepicardial vs. subendocardial differences were found in O2 consumption in either group after T 4 treatment. Average consumption was 135% higher after 3 days and 180% higher after 16 days of T 4 administration compared to the control rabbits.
Discussion
Many stresses that lead to increased heart work and oxygen consumption cause cardiac hypertrophy (Wikman-Coffelt et al., 1979) . This is true of thyroxine (Beznak, 1962; Edgren et al., 1976; Gemmill, 1958; Piatnek-Leunissen and Olson, 1967; Sandier and Wilson, 1959) . There is considerable loss of body weight with administration of T 4 (Yazaki and Raben, 1975) which can lead to overestimation of the degree of cardiac hypertrophy through use of the heart weightto-body weight ratio. We found heart size to be 29% above control, after 16 days of T 4 , despite a lower body weight at this time. The dose of T 4 that we gave is in the midrange of those given by other investigators studying its effect on rabbits (Kimata and Tarjan, 1971; Lee et al., 1965; Yazaki and Raben, 1975) . The hypertrophy that we induce is rapid and technically easy to achieve, compared to pressure or volume overload-induced hypertrophy produced in other
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Regional Myocardial studies (Marcus et al., 1979; Wilman-Coffelt et al., 1979) . Myocardial O2 consumption was 3.8 times control in our study after administration of T 4 for 16 days. This high O 2 consumption appears to be similar to that reported by others studying hyperthyroid animals or humans (Gunning et al., 1974; Leight et al., 1956; Piatnek-Leunissen and Olson 1967; Rowe et al., 1956; Skelton et al., 1970) . No differences were found between subepicardial and subendocardial O2 consumption after T 4 administration. As others have shown, under control conditions, subepicardial O2 consumption is lower than subendocardial (Holtz et al., 1977b; . In some types of stress, subendocardial O2 consumption does not increase to the same extent as does subepicardial (Vinten-Johansen and , whereas, in others, the increase is proportional (Weiss, 1979a) . There are no other reports of what hypertrophy does to regional O2 consumption, although there are reports of normal flow distribution in the heart with hypertrophy or subendocardial underperfusion (Holtz et al., 1977a; Marcus et al., 1979; Neill and Fluri-Lundeen, 1979; O'Keefe et al., 1978; White et al., 1979) .
The primary response of the heart to meet increased metabolic needs is to increase coronary blood flow. Hyperthyroidism leads to increases in coronary blood flow (Leight et al., 1956; Piatnek-Leunissen and Olsen, 1967; Rowe et al., 1956 ). This may be due to a direct effect of thyroid hormone on the heart or an indirect effect due to its interaction with the adrenergic ner- vous system (Kimata and Tarjan, 1971; Lee et al., 1956; Margolius and Gaffney, 1965) . In the present study, coronary blood flow was increased by thyroxine. In other types of stress that lead to cardiac hypertrophy, coronary blood flow is initially elevated but later returns toward control values as wall tension and oxygen usage per unit heart weight return toward control values (Holtz et al., 1977a; Marcus et al., 1979; Neill and Fluri-Lundeen, 1979; O'Keefe et al., 1978; White et al., 1979) . In the present experiments, stable hypertrophy has probably not been achieved after only 16 days. It may be, however, that hyperthyroidism leads to a continued and sustained increase in coronary blood flow. Most long-term hyperthyroid individuals and animals have elevated coronary blood flows (Leight et al., 1958; Piatnek-Leunissen and Olson, 1967; Rowe et al., 1956 ).
There appears to be no subepicardial vs. subendocardial flow differences in the rabbit hearts in control or thyroxine-treated animals. The lack of control difference is similar to that described in other reports of studies on rabbits and dogs (Marcus et al., 1979; Weiss 1979b) . In many types of stress, there is relative subendocardial underperfusion (Hoffman, 1978) . This is also found in rabbits under conditions of reduced O2 supply (Kleinert et al., 1980) . In hypertrophic hearts, there are reports of both normal distribution and subendocardial under perfusion (Holtz et al., 1977a; Marcus et al., 1979; Neill and Fluri-Lundeen, 1979; O'Keefe et al., 1978; White et al., 1979) . After T 4 , despite the greatly increased heart work and oxygen usage, the subendocardial region appears to be as well perfused as the subepicardial region.
The increase in coronary blood flow induced by treatment with L-thyroxine significantly reduces the flow reserves and coronary vascular resistance of the rabbit heart, as estimated by the coronary vasodilators, chromonar (Lochner and Hirche, 1963; Parratt et al., 1973) and adenosine (Berne, 1964) . Under control conditions, chromonar increased coronary blood flow 2.8-fold. There was no significant increase in coronary flow with chromonar in the T 4 -treated groups. Fivefold higher doses of chromonar also did not increase flow after 3 days of T4 administration. This could have been due to loss of vasodilator reserve in these hearts or the failure of chromonar to produce vasodilation in these hearts. In order to consider these two possibilities, we administered another coronary dilator, adenosine. Adenosine produced increases in flow in both the control and T 4 -treated rabbits. The response in T 4 -rabbits was less, however, indicating a significant loss of flow reserve. The present study is the first report of an interaction between L-thyroxine and chromonar. Both produce an increase in coronary blood flow, but chromonar does not further increase flow in the T4-treated groups. They appear to share at least one common mechanism of action. What this mechanism is, remains to be determined.
In other forms of hypertrophy, there is also significant loss of vasodilator reserve (Holtz et al., 1977a; Marcus et al., 1979; Mittmanr. et al., 1980; Neill and Fluri-Lundeen, 1979; O'Keefe et al., 1978; White et , 1979) . This loss of vasodilator reserve would have important consequences if any additional stress was imposed on the heart. One serious consequence of hyperthyroidism is heart failure (Graettinger et al., 1959; Piatnek-Leunissen and Olson, 1967) . Both the subendocardial and subepicardial regions appear to have similar reductions in flow reserve. Increased oxygen needs can also be met by increases in oxygen extraction. There was a significant increase in extraction and a drop in venous O2 saturation in the heart of the animals given T4. In longer term hyperthyroidism, while coronary blood flow is elevated, there is no increase in myocardial O2 extraction (Leight et al., 1958; Pianek-Leunissen and Olson, 1967; Rowe et al., 1956) . Whereas O 2 extraction is elevated in the present report, it does not appear to be maximal (Scott, 1961) . Venous O2 saturation was lower and O2 extraction was higher in the subendocardial compared to the subepicardial region of the left ventricular free wall in control rabbits (Fig.  2) . This is similar to other reports in rabbits (Weiss, 1979b) . After T4 administration for either 3 or 16 days, both regions appear to have similar and higher but not maximal O 2 extraction.
In summary, the administration of L-thyroxine leads to a large increase in oxygen consumption. There is also significant cardiac hypertrophy. This increased need for oxygen is met primarily through an increased coronary blood flow, with a reduction in flow reserve. There is also an increased oxygen extraction and reduced O2 extraction reserve. No subendocardial vs. subepicardial differences have been found in any of the above parameters after T 4 , therefore the reserves and O2 usage are similar to those in the subepicardium and the subendocardium.
